With the increasing scarcity of traditional energy sources, global warming and environmental degradation, the increased use of renewable energy (RE) has become an effective path for sustainable development. Therefore, countries are paying more and more attention to the development of the RE industry, and the world trade in renewable energy products (REPs) is developing rapidly. First of all, this paper defines REPs, refines the scope of REPs, and proposes the "Equalization Technology Classification" method for the technology classification of REPs. Second, based on the United Nations Comtrade (COMTRADE) data, the export technology structure of China's REPs from 2007 to 2016 was empirically measured. Finally, a comparative study was conducted on the renewable energy product (REP) export technologies of major REP exporting countries (or regions) in the world. We found that (1) China's exports of REPs are mainly medium-high and medium technical complexity products, and that there are few high technical complexity products; (2) the export technology structure of China's REPs is deteriorating, and its overall technical level is in the middle of the global industrial value chain. The export technology of China's REPs has a gap compared with that of Denmark, Hong Kong China, and Singapore; (3) the technological competition of the world's REPs is becoming increasingly fierce. The growth rates of REP technologies in South Korea, Japan, and Malaysia's REPs are significantly higher than that of China.
Introduction
Renewable energy (RE) is a non-traditional energy source that includes solar energy, wind energy, biomass energy, and nuclear fusion energy [1] . It is widely available, renewable, low-carbon and has minimal environmental impact [2] . With the increasing scarcity of traditional energy sources, global warming, and environmental degradation, the increased use of RE has become an effective path for sustainable development [3, 4] . At present, RE accounts for a small proportion of the world's energy use [5] . However, with the continuous advancement of the RE utilization technology, it is an irresistible trend to replace traditional energy sources with RE [6, 7] . With a large population, China is one of the world's largest energy consumers [8] . As early as 2010, the RE industry was listed by China as one of the seven strategic emerging industries in the country [9] . In 2016, China's "13th Five-Year Plan for RE Development" proposed to accelerate the establishment of a clean, low-carbon, safe and efficient modern energy system, and to achieve the goal of non-fossil energy accounting for 15% of primary energy consumption by 2020 [10] .
(2005) [33] is more common, and the research data is more acquirable. These application areas involve cultural and creative industries, manufacturing, agriculture, etc., but there is a lack of research on REPs export technology [34] [35] [36] . To this end, this paper chooses the technical complexity index of Hausmann et al. (2005) [33] to empirically measure the dynamic changes of China's REP export technology. The Hausmann et al. (2005) [33] method does not classify PRODY values. This study proposes a method called "Equalization Technology Classification" that divides all REPs into five technical levels: high, medium-high, medium, medium-low, and low according to the PRODY value. This method facilitates a clearer REP technology analysis and international comparison.
Different classification criteria for PRODY values will have different effects on the conclusions of the study. The main classification methods of the previous literature are the "Experience Sorting Method" of Tang (2012) [37] , the "Technical Fixed Classification" of Zhu et al. (2009) [38] , and the "Optimal Segmentation Method" of Wei (2015) [15] . The method of Tang (2012) [37] classifies the PRODY values according to the author's experience, ensuring that the technology classifications are as normal as possible, and the classification results of different scholars may be different. The method of Zhu et al. (2009) [38] ignores the fact that technology changes over time. The method of Wei (2015) [15] sorts PRODY data, and then determines the number of categories according to the needs, which are also likely to cause people to subjectively change the technology differences between samples. To this end, the "Equilibrium Technology Method" proposed in this paper emphasizes objectivity and will avoid the classification results being influenced by time change and human experience.
The review shows that technological innovation is one of the important factors affecting the sustainable development of China's RE industry. However, there is little research literature on the structural changes in export technologies for REPs. Moreover, the definition and technology classification of REPs need to be further improved [20] . To this end, this paper is based on previous literature research [20] , to first refine the scope of REPs further. Then, this paper uses the technical complexity index to empirically measure the dynamic changes of China's REP export technology. In order to ensure the objectivity of product technical complexity classification, this paper proposes the "Equalization Technology Classification" method.
Methods and Data

Methods
The export complexity method proposed by Hausmann et al. (2005) [33] uses international trade data to replace hard-to-find research and development (R&D) data for various types of products in countries (or regions) around the world. The basic assumption of this method is that the more technical a class of products that are being exported from high-income countries, the higher the technical complexity of the product. This method does not consider other factors such as trade friction and intervention [39] . In the global manufacturing value chain, developed countries are generally in the process of high value-added value such as R&D design, brand, and key parts production, while developing countries are more involved in low value-added links such as raw material supply and assembly. The status of countries in the global value chain will be reflected in the technological structure of the products that they export. This method combines the per capita income of countries (or regions) with exports. The technological content of the export products of these countries (or regions) in the global value chain can be measured. The method used in this paper consisted of three steps: calculating the technical complexity of various REPs, classifying the technical complexity of different REPs, and calculating the overall technical level of each country (or region).
(1) The equation for the technical complexity of REP export. The PRODY k is the export technical complexity of the category k export REPs at the world level. The equation [33] for PRODY k is:
The notations in Equation (1) the per capita gross domestic product (GDP) of country (or region) j PRODY k the export technical complexity of the category k export REPs at the world level ( 2) The principle of the "Equalization Technology Classification" method: the basic principle of this method is to ensure that the PRODY value difference of adjacent technology grade products is equal, and that there is no limit to the number of products that are owned by each grade.
First, the calculated PRODY values of n type REPs were arranged from smallest to largest, into an ordered sample (t 1 , t 2 , t 3 , ..., t n ), where t 1 is the smallest and t n is the largest.
Second, it was assumed that the REP technology was divided into m grades, and that the PRODY value difference of the adjacent technology grade products was D. The equation for D is:
Finally, the technology classification criteria for REPs were calculated. The standards for the 1, 2, 3, ..., m levels of REPs were
This method can determine the technology classification standards of all REPs in the world in a certain period of time. According to this standard, it is possible to clearly know how many high technical REPs are exported by a country (or region).
(3) The calculation method of overall export technical level (which we call EXPY) of REPs. Assume that the overall export technical level of REPs in country (or region) j is EXPY j , and its equation [35] is:
The calculated EXPY values are mainly used to compare the overall technical level of REPs in countries (or regions).
Data
Scope Definition for Reps
At present, there is no uniform authority defining standard for the range of REPs. Fu et al. (2013) [20] divides REPs into five categories: nuclear energy, wind energy, solar energy, biomass energy, and smart grid, and 14 subdivided 4-digit HS code products. However, some 4-digit code connotation 6-digit products do not belong to the energy industry, while smart grids are mainly traditional power facilities. Based on an in-depth study of the HS code and the China Import and Export Tariff, this study revised the classification of Fu et al. (2013) . This paper divided REPs into fourcategories: nuclear energy, wind energy, solar energy, and biomass energy. Each category contained many sub-categories. The detailed categories of REPs and their HS codes are shown in Table 1 . Note: The data comes fromthe United Nations Comtrade (COMTRADE) database [12] , and the product description is streamlined.
As can be seen from Table 1 , the five categories of products contained a total of 28 categories of sub-product categories. Since some of the 4-digit code products contained only a part of the 6-digit code products belonging to REPs, the sub-product categories in Table 1 included both HS 4-digit and HS 6-digit code products.
Sample Selection and Data Source
This article selected Austria, Belgium, Brazil, Canada, China, Hong Kong China, Czech Republic, Denmark, Finland, France, Germany, Hungary, India, Italy, Japan, Malaysia, Mexico, Netherlands, Poland, South Korea, Romania, Russia, Singapore, Spain, Sweden, Switzerland, Thailand, the United Kingdom, and USA as analytical samples. These 29 samples are the world's major REPs exporting countries (or regions) from 2007 to 2016 (Table A1 ). The COMTRADE data showed that their REPs exports accounted for more than 90% of the world's total, and they were highly representative samples [12] . The per capita gross domestic product (GDP) of each country (region) was derived from the World Bank database and was converted to purchasing power parity (PPP) (Table A2) [40] . The PPP in this article used the "Constant 2011 International $" standard. In order to ensure the consistency in research data, the export data of this paper were all from the COMTRADE database, and the commodity code adopted the HS2007 standard.
Results
Division of Technology Structure Standards of Various Products
Using Equation (1), the annual average of PRODY (Table A3) for REPs from 2007 to 2016 was calculated. Then, the PRODY values were divided into five grades by using the "Equalization Technique Classification" method. The result is a classification of REPs into high technical complexity products ($36,858 < PRODY), medium-high technical complexity products ($30,550 < PRODY ≤ $36,858), medium technical complexity products ($32,653 < PRODY ≤ $34,755), medium-low technical complexity products ($32,873 < PRODY ≤ $32,653), and low technical complexity products ($28,448 < PRODY ≤ $30,550) ( Table 2 ). The technology structure distribution of the world'sREPs is shown in Table 2 . Note: The raw data of the calculation results are from the COMTRADE database.
As can be seen from Table 2 , the number of high technical complexity products was the highest, up to eight. Products with medium-high, medium-low technical complexity each had seven categories. There were four kinds of technical complexity products, and only two kinds of low technical complexity products.
Dynamic Distribution of Technology Structure of China's REPs
According to the classification in Table 2 , the export shares of different technology classifications of China's REPs from 2007 to 2016 are shown in Table 3 . Note: The raw data of the calculation results are from the COMTRADE database.
As can be seen from Table 3 , China's REP exports are dominated by medium-high technical complexity products. From 2007 to 2016, the average annual export share of medium-high technical complexity products accounted for 50.28%. However, the average annual export share of China's high technical complex REPs was only 4.58% (Table 3) . Additionally, the export technology structure of China's REPs is deteriorating. From the trend of change, the export shares of high and medium-high technical complex products showed a significant decline. The proportion of cumulative exports of the two types of products decreased from 57.88% in 2007 to 45.95%, a drop of 20.61% (Table 3 ). In contrast, the export share of medium and medium-low technical complexity products is gradually increasing. In 2016, China's REP export technical complexity below the medium-high level accounted for 54.04% ( Table 3 ). The higher the technical complexity index of export REPs, the greater the added value of their exports. Therefore, it is urgent to optimize the export technology structure of China's REPs.
International Comparison of Export Technologies for REPs
Using Equation (3), the EXPYs for REPs in 29 countries (or regions) from 2007 to 2016 were calculated. This paper selects 14 countries (or regions) with the highest annual average EXPY value for comparative study. These countries (or regions) are Hong Kong China, Singapore, the Netherlands, Switzerland, Austria, China, Malaysia, Finland, USA, South Korea, Japan, Sweden, Germany, and Denmark (Table 4 ). The comparison data of the EXPY changes of REPs in 14 countries (or regions) from 2007 to 2016 are shown in Table 4 . Note: The raw data of the calculation results are from the COMTRADE database.
As can be seen from Table 4 , (1) In 2007-2016, the annual average of EXPY of REPs in Denmark ranked first in the world, and Hong Kong China ranked second. The difference in EXPY between the remaining 12 countries was not large. In Denmark, for example, the reason for its high EXPY value is that its high technical complexity index product 850231 (wind power generation equipment) has a high proportion of exports and is highly competitive in the world. In 2016, the export volume of Danish 850231 products reached $3.17 billion, accounting for 42.99% of the total export share of 29 countries (or regions) [5] . Denmark is a veritable wind power kingdom, with the highest per capita RE consumption index, nearly 5000 wind power plants, and the strongest wind power technology. In 2015, the annual average coverage of wind power in Denmark reached 42% [41] . Denmark plays a pivotal role in the international wind power and equipment export market.
(2) From 2007 to 2016, the overall technology of China's REPs is at a medium technical complexity index level, and there is still a certain gap compared with Denmark, Hong Kong China, and Singapore. China's main export product categories 854140 (solar cells) and 850440 (inverters) belong to the medium-high technical complexity index products, 940540 (solar power station), and 854370 (solar lighting equipment) belong to the category of medium technical complexity index products.
(3) According to the trend of change, the EXPY of China's REPs has shown a rapid growth trend. The EXPY value increased from $33,610 in 2007 to $36,378 in 2016 ( Table 4 ), indicating that the overall technical level of China's REPs is constantly improving. It is worth noting that the EXPY values of all major REPs exporting countries (or regions) are growing, but the growth rates of EXPY values in South Korea, Japan, and Malaysia's REPs are significantly higher than that of China. In 2016, the EXPY values of these three countries exceeded China's. These phenomena fully demonstrate that the technological competition of the world's REPs is increasingly fierce.
Discussions
(1) This paper puts forward some inspirational suggestions to promote the technological progress of China's RE industry. First, the low proportion of high technical complex exports restricts the overall technical level of China's REPs. China's REP manufacturers need to abandon short-term market interests, strengthen investment in talent and technology research, and strive to enhance its position in the global RE industry value chain. Second, the form of export trade is too singular and easily causes international trade friction. Therefore, China's REP producers should actively expand cooperation with leading technology countries, such as the docking of RE technology standards, cooperative research and development (R&D) of RE equipment, exchange of REP technology talents, etc. Third, China's REP producers need more "going out", making full use of foreign resources and technology.
(2) The definition of the scope of REPs has a greater impact on the conclusions of the study. The REPs belong to the category of environmental products. At present, the authoritative definition of environmental products has only been discussed by two international organizations, the Asia-Pacific Economic Cooperation (APEC) and the Organization for Economic Co-operation and Development (OECD), but the differences between the two standards are still large. In the future, this research field deserves further exploration.
(3) Different classification methods of PRODY values will also affect the conclusion of the study. This study uses the "Equalization Technology Classification" method, and if other methods are used, the research conclusions will be different. Therefore, the classification of technology structure is worthy of further exploration.
(4) The technical complexity index also has limitations. For example, the processing trade factor and the implementation of the technology export restriction policy are not considered. Therefore, the research conclusion is only used as a reference for decisionmaking. Therefore, future improvements and application studies on this method are worth exploring.
Conclusions
The possible innovation of this paper is to define REPs, to revise the scope of REPs, and to propose the "Equalization Technology Classification" method for technical complexity index classification. This paper also expands upon the application of the technical complexity index in the field of REP. The technical complexity index has been used to empirically measure China's REP export technology structure from 2007 to 2016.
The study found that China's REP exports are dominated by medium-high and medium technical complexity products. The proportion of high technical complex export REPs is very low, and the overall export technology structure is deteriorating. In 2016, China's REP export technical complexity below the medium-high level accounted for 54.04%. The overall technical level of China's export REPs is at the middle of the global industrial value chain.
Additionally, Denmark has taken the lead in global REP technology by virtue of its wind energy products. The export technology of China's REPs has a certain gap compared with that of Denmark, Hong Kong China and Singapore. The REP technologies of all major REP exporting countries (or regions) are growing, but the growth rates of REP technologies in South Korea, Japan, and Malaysia's REPs are significantly higher than that of China. In short, the technological competition of the world's REPs is increasingly fierce. 
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